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Abstract
Background: Many cell types have been reported to secrete small vesicles called exosomes, that
are derived from multivesicular bodies and that can also form from endocytic-like lipid raft domains
of the plasma membrane. Secretory exosomes contain a characteristic composition of proteins,
and a recent report indicates that mast cell exosomes harbor a variety of mRNAs and microRNAs
as well. Exosomes express cell recognition molecules on their surface that facilitate their selective
targeting and uptake into recipient cells.
Results:  In this review, I suggest that exosomal secretion of proteins and RNAs may be a
fundamental mode of communication within the nervous system, supplementing the known
mechanisms of anterograde and retrograde signaling across synapses. In one specific scenario,
exosomes are proposed to bud from the lipid raft region of the postsynaptic membrane adjacent
to the postsynaptic density, in a manner that is stimulated by stimuli that elicit long-term
potentiation. The exosomes would then transfer newly synthesized synaptic proteins (such as CAM
kinase II alpha) and synaptic RNAs to the presynaptic terminal, where they would contribute to
synaptic plasticity.
Conclusion: The model is consistent with the known cellular and molecular features of synaptic
neurobiology and makes a number of predictions that can be tested in vitro and in vivo.
Open peer review: Reviewed by Etienne Joly, Gaspar Jekely, Juergen Brosius and Eugene Koonin.
For the full reviews, please go to the Reviewers' comments section.
Background
The purpose of this paper is discuss the potential role of
the endosome-derived vesicle known as the secretory exo-
some as a means of intercellular signaling of proteins and
RNAs in the nervous system. The exosome is a relatively
well-characterized entity that has discrete mechanisms of
formation and secretion, is secreted by diverse cell types,
is regulated by physiological conditions, and has been
implicated in intercellular transfer of specific signaling
proteins. Recent studies have reported that secretory exo-
somes (and microvesicles shed by cells) contain a subset
of cellular mRNAs and microRNAs as well, which can be
transferred to and translated within recipient cells.
1. Secretory exosomes as a major pathway of cell-cell 
communication
First, some terminology: Secretory exosomes are vesicles
formed via a specific intracellular pathway involving mul-
tivesicular bodies or endosomal-related regions of plasma
membrane [1,2] (see fig. 1). They have a discrete size (gen-
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erally 30–90 nm in different cell types), characteristic
buoyant density (~1.1–1.2 g/ml), and lipid composition
(similar to membrane lipid rafts, they are rich in choles-
terol, sphingomyelin and ganglioside GM3, which confers
resistance to Triton detergent and sensitivity to saponin).
Exosomes express certain marker proteins (e.g., Alix and
Tsg101, which are involved in endosomal-lysosomal sort-
ing) but lack markers of lysosomes, mitochondria or cave-
olae. To summarize the classic pathway that forms
exosomes, van Niel et al. said:
"Multivesicular bodies (MVBs), and their intraluminal
vesicles (ILVs), are involved in the sequestration of
proteins destined for degradation in lysosomes. An
alternative fate of MVBs is their exocytic fusion with
the plasma membrane leading to the release of the
50–90 nm ILVs into the extracellular milieu. The
secreted ILVs are then called exosomes." [1].
Exosomes also express specific cell-surface proteins
including integrins and cell adhesion molecules, so they
Biogenesis of exosomes Figure 1
Biogenesis of exosomes. A: At the limiting membrane of MVBs, several mechanism act jointly to allow specific sorting of 
transmembrane, chaperones, membrane associated and cytosolic proteins on the forming ILVs. B: Presence of several sorting 
mechanisms may induce heterogeneity in the population of ILVs in single MVBs by acting separately on different domains of the 
limiting membrane. C: Receiving lipids and proteins from the endocytic and the biosynthetic pathway, different subpopulations 
of MVBs may be generated whose composition confers them different fate: (1) back fusion of the ILVs with the limiting mem-
brane. During this process molecules previously sequestered on the ILVs are recycled to the limiting membrane and to the 
cytosol. Change in the composition of the limiting membrane may be responsible for the tubulation allowing plasma membrane 
expression of endosomal proteins. (2) Unknown mechanism may lead MVBs toward the plasma membrane where proteins 
such as SNAREs and synaptogamins would allow their fusion and the consequent release of the ILVs in the extracellular 
medium as exosomes. (3) Similarly, the composition of the limiting membrane would preferentially induce fusion of MVBs with 
lysosomes leading to the degradation of the molecules sorted on ILVs. Reproduced from ref. 1 with the permission of Oxford 
University Press.Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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have the means to bind selectively to, and be taken up by,
specific recipient cell types [1-3].
As such, secretory exosomes can be distinguished from
cell debris released from dead or dying cells, and from
microvesicles, which are larger (up to 1 micron), denser,
and occur via pinching-off from the plasma membrane;
microvesicles may contain mitochondria, lysosomes and
even DNA. Note that some authors use the term "micro-
vesicle" generically to include secretory exosomes and
even miscellaneous intracellular vesicles resembling syn-
aptic vesicles. Conversely, the term "exosome" is also used
by molecular biologists in an entirely unrelated context,
to refer to intracellular RNA degradation complexes.
Throughout this review, the term "exosome" will refer to
secretory exosomes.
Recently, Valadi et al. [3] reported that secretory exosomes
released from mast cells in vitro contain not only a distinc-
tive set of proteins, but a population of mRNAs and
microRNAs as well. The RNAs appeared to be compart-
mentalized insofar as their relative abundance within exo-
somes differed significantly from the overall profile of
RNAs expressed within the cells [3]. Indeed, certain RNAs
were highly enriched within the exosomes, suggesting that
they were sorted into this compartment specifically. They
also claimed that "after transfer of mouse exosomal RNA
to human mast cells, new mouse proteins were found in
the recipient cells, indicating that transferred exosomal
mRNA can be translated after entering another cell." [3].
Secretory exosomes are attractive vehicles for intercellular
RNA transfer, since they should provide a protected envi-
ronment ensuring their stability despite the presence of
extracellular RNAses. However, the Valadi et al. paper [3]
is not free of potential criticism. For example, although
most of the proteins described within their exosomes were
consistent with other reports [4-10], their exosomal preps
were atypical in the sense that they contained many ribos-
omal proteins. This is all the more puzzling since they did
not detect ribosomal RNA 18S and 28S bands within their
prep by gel electrophoresis (though possibly this might
have been caused by partial RNA degradation). Although
they did show that RNAs co-localized with low density
fractions characteristic of exosomes (1.1–1.2 g/ml), their
prep did not employ density gradients as part of the initial
purification, but also contained material which ran at
higher densities, thus a portion of the RNAs might have
derived from a mixed population of microvesicles or
other particles.
It will be necessary to confirm and extend the findings of
Valadi et al. before they can be universally accepted. How-
ever, their report is consistent with observations that spe-
cialized endocytic pathways are involved in intracellular
movement of RNAs during systemic RNA silencing in C.
elegans and Drosophila [11-15]. As well, other investigators
have independently reported that microvesicles shed by
various cell types can also mediate mRNA transfer. For
example, Ratajczak et al. examined microvesicles that
were "enriched in exosomes"; the transferred mRNA was
translated within recipient cells [16,17]. Baj-Krzyworzeka
et al. examined microvesicles shed by tumor cells, which
apparently were not enriched in exosomes; these con-
tained both proteins and mRNA, and were internalized
within and had survival-promoting effects on recipient
cells [18]. Deregibus et al. isolated microvesicles from
endothelial precursor cells and showed that they had
effects (promoting cell survival and formation of capil-
lary-like structures) in vitro that were destroyed by incuba-
tion with RNAse. The microvesicles contained mRNA, and
the mRNA transfer was verified using GFP-tagged mRNA
[19]. Finally, Tran et al. [20] induced expression of long
complementary RNAs with the potential to form dsRNA
in cultured cells, and found that the observed gene silenc-
ing effect was transferable via conditioned medium to
recipient control cells. However, they did not identify the
RNA species responsible for this effect, nor the mecha-
nism by which cells would have released the RNAs.
Although secretory exosomes are the focus of this review,
it is worth pointing out that other cellular mechanisms
may also potentially facilitate intercellular RNA signaling
in mammalian systems. For example, tunneling nano-
tubes can provide cytoplasmic bridges between cells, at
least in vitro [21]. The sid-1 gene product discovered in C.
elegans is a dsRNA-permeable pore that is necessary for
systemic silencing of RNAs in invertebrates [13,22] and its
mammalian homologue has been demonstrated to be
functional in mammalian cells in vitro [23,24]. Some gap
junctions can allow small oligonucleotides to pass
through, including siRNAs [25,26]. Finally, it has been
proposed that RNAs may be secreted into extracellular
spaces despite their susceptibility to degradation by extra-
cellular RNAses [27]; indeed, extracellular RNAses appear
to have a regulatory role in cell physiology, which may be
a clue that the secreted RNAs comprise a form of cell-cell
communication [27]. This is also consistent with the
observation that Toll-like receptor 3 expressed on cell sur-
faces is bound and activated by a variety of RNAs, includ-
ing dsRNAs, mRNAs and siRNAs [28]. A secreted viral
messenger protein, VP22, produced during HSV infection
of mammalian cells, binds mRNAs and transfers them to
recipient cells where they are translated [29].
2. Biological features of exosomes
The earliest role proposed for secretory exosomes was to
shed unwanted proteins from cells undergoing terminal
differentiation [30]. Although this perspective may apply
in certain situations within the nervous system (seeBiology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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below), the protein composition of exosomes does not
resemble a garbage dump, but rather is more consistent
with a positive role in communication with other cells [4-
10]. Exosomes express specific integrins, tetraspanins,
MHC Class I and/or Class II antigens, CD antigens and
cell-adhesion molecules on their surfaces, which may
facilitate their uptake by specific cell types. Exosomes con-
tain a variety of cytoskeletal proteins, GTPases, clathrin,
chaperones, and metabolic enzymes (but mitochondrial,
lysosomal and ER proteins are excluded, so the overall
profile does not resemble the cytoplasm). They also con-
tain mRNA splicing and translation factors. Finally, exo-
somes generally contain several proteins such as HSP70,
HSP90, and annexins that are known to play signaling
roles yet are not secreted by classical (ER-Golgi) mecha-
nisms.
Exosomes can arise not only from fusion of multivesicular
bodies with the plasma membrane (a "delayed mode")
but also directly by budding from endocytic-like choles-
terol-rich domains (lipid rafts) of the plasma membrane
(an "immediate mode") [31,32]. Note that membrane
lipid rafts are not synonymous with caveolae since there
are numerous examples of plasma membrane domains
[33] as well as endocytic vesicles that are cholesterol-rich,
light in density and yet lack caveolin and other caveolar
markers. However, it is not clear that all light endocytic
vesicles fall into one family: for example, "enlargeo-
somes", intracellular cholesterol-rich secretory vesicles
that expand the surface area of certain cell types, can be
labeled with markers taken up by endocytosis but are not
obviously related to the endosome-lysosome pathway,
nor does it appear that they derive from MVBs [34].
Sorting of proteins into exosomes appears to be selective,
albeit no single set of rules applies [35,36]. Mono-ubiqui-
tination appears to be a tag for certain transmembrane
proteins to be sorted into the endosomal-lysosomal path-
way via ESCRT I, II and III proteins [35,36]. Furthermore,
exosomes contain cholesterol-rich membrane rafts, with
which some proteins are selectively associated. Recently,
Fang et al. proposed that proteins which exhibit higher-
order oligomerization (i.e. oligomerization of oligomers)
and which also associate with the plasma membrane, are
preferentially sorted into exosomes [32].
Proteins that contain signal peptides generally are secreted
via the ER-Golgi pathway, and few such proteins have
been detected within exosomes. In contrast, there appears
to be an interesting relationship between exosomes and
the heterogeneous class of proteins that lack signal pep-
tides. These so-called nonclassically secreted proteins
have been proposed to be secreted via one or more of the
following 5 pathways [37,38]:
1. secretory lysosomes, associated with late endosomal-
lysosomal markers, inhibited by chloroquine;
2. secretory exosomes;
3. plasma membrane microvesicles;
4. plasma membrane transporters (pumps or pores);
5. direct translocation through membranes of the so-
called messenger proteins [38], including tat, VP22 and
other viral proteins, as well as numerous homeodomain
proteins, all of which contain short highly arginine-rich
domains that engage the lipid portion of the plasma
membrane [39].
Interestingly, the same or closely related proteins may uti-
lize more than one of these pathways under different situ-
ations. For example, chick CNTF appears to be secreted via
endocytic vesicles that are similar, if not identical, to secre-
tory exosomes, though rat CNTF is not (because it lacks an
internal hydrophobic domain present in chick) [40].
Whereas HSP70 is secreted via a lysosomal pathway in
some cases [41], it is secreted via exosomes in others [42-
44]. There has been a prominent controversy regarding
how tat and other messenger proteins translocate through
membranes – for example, depending on the nature of its
linked cargo, the same protein may be taken up by a cell
either via direct translocation or via endocytosis [45,46].
In the current context, it is worth noting that a wide vari-
ety of nonclassical proteins such as bFGF [47], the mes-
senger protein Engrailed-2 [48], and galectins 1 and 3,
which have been reported to be secreted by direct translo-
cation across membranes, also appear to be secreted via
intracellular cholesterol-rich vesicles or identified exo-
somes under certain conditions. As well, although ectodo-
main shedding of cell adhesion molecules is generally
thought to occur via proteolytic cleavage events localized
at the cell surface, in some cases the cleavage appears to
occur within exosomes [49].
Release of exosomes is a regulated process. For example,
exosomal secretion can be enhanced by stress conditions
that elicit a p53 response [50]. In several cell types, includ-
ing cultured cortical neurons [51], exosome secretion is
stimulated by stimuli that raise intracellular calcium.
Secretion of exosome-like microvesicles from adipocytes
is regulated by hormones, redox, and nutrients [52]. The
content of some individual proteins can be regulated
independently as well; for example, IFN gamma induces
the expression of HSP70 which is secreted via exosomes,
but does not affect the rate at which exosomes are secreted
per se [44].Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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3. Physiologic and pathologic arenas in vivo that involve 
MVBs or exosomes
As pointed out by van Niel et al, "Exosomes are present in
the culture supernatant of several cell types of hematopoi-
etic origin [B cells, dendritic cells, mast cells, T cells and
platelets] and of non hematopoietic origin [intestinal epi-
thelial cells, tumor cells, Schwann cells and neuronal
cells]." [1]; their list also could have included reticulo-
cytes, astrocytes, etc. Although a portion of circulating
RNA found in blood, urine and bodily fluids may come
from dying cells [53] and microvesicles, at least a signifi-
cant portion arises from exosomes [54], which implies
that exosomes are secreted in vivo, and that one may gain
biomedical insights from isolating exosomes from these
sources.
A few years ago, "argosomes" were identified as vesicles
that transfer morphogenetic signals among cells in devel-
oping epithelia. These were shown to arise from endocytic
membranes that contain lipid-rich rafts, which are highly
reminiscent of (and possibly identical to) exosomes [55].
Last, but not least, the packaging of HIV-1 and other ret-
roviruses into membrane-surrounded virions appears to
employ the same cellular process that normally forms
multivesicular bodies [56]. This "Trojan exosome"
hypothesis [57] has been widely discussed and debated
[58], and has recently gained additional support [31,32].
4. Exosomal signaling in the central nervous system
Faure et al. have demonstrated that rat and mouse cortical
neurons secrete exosomes in culture that have the typical
features (size, density and saponin sensitivity) seen in
other cell types [51]. Using proteomic methods, they
found that neuronal exosomes largely resemble those of
non-neural cell types, e.g. expressing Alix, Tsg101, tubu-
lin, 14-3-3 proteins, annexins, clathrin heavy chain,
HSC70, GAPDH, etc. [3-10]. In addition, the exosomes
contained neuron-specific components. For example,
AMPA receptor subunit GluR2/3 was detected within
purified neuronal exosomes, but in contrast, NMDA
receptor subunit NR1 and PSD-95 (which are primarily
found in the PSD fraction of mature synapses in vivo)
were not detectable [51]. Neuronal-specific cell adhesion
molecule L1 was detected, as was cellular prion protein.
The secretion of exosomes (as measured by content of
Alix, Tsg101 and GluR2/3) was markedly stimulated by K+
depolarization, which increases levels of intracellular cal-
cium.
Exosomes have also been shown to be secreted by cul-
tured astrocytes [43,59]; because they carry HSP70 which
has neuroprotective effects upon neurons, exosomes may
contribute to glial-neuronal communication [43,59].
Multivesicular bodies have a generally accepted role in
routing proteins for lysosomal degradation, and fusion of
MVBs with the plasma membrane is one of the major
means by which exosomes are secreted from cells. How-
ever, in neurons, a third role for MVBs has been identified
[60,61]: Namely, trk-dependent neurotrophins that are
taken up from presynaptic terminals stably reside within
MVBs during their retrograde transport from synapses,
and are then released intracellularly into the cytoplasm
upon arrival at the cell body. This process can be concep-
tualized as the inverse of MVB-mediated exosome secre-
tion, since neurotrophins are taken up from neighboring
cells, placed into MVBs, and eventually released into the
cytoplasm [60,61]. In both scenarios, however, MVBs par-
ticipate in a unified system of cell-to-cell signaling.
Finally, MVBs are implicated in the pathogenesis of a
number of neurodegenerative diseases. For example, pri-
ons are secreted via exosomes in a variety of cell types, and
may be a major mechanism of their spread throughout
the brain [62]. The beta-amyloid peptide of Alzheimer
disease accumulates in MVBs and disrupts the normal
function of MVBs to degrade proteins, which may play a
role in the pathogenesis of AD [63]. Beta-amyloid peptide
is secreted, in part, via exosomes [64]. Mutations in the
endosomal ESCRTIII-complex subunit CHMP2B, which
affect MVBs and lysosomal degradation, result in fronto-
temporal dementia [65].
5. A model of trans-synaptic exosomal signaling in adult 
mammalian forebrain
The evidence reviewed so far indicates that secretory exo-
somes mediate a widespread mode of communication uti-
lized by many cell types, including neurons and
astrocytes. Although, to date, most studies of exosomes
have been devoted to blood cells, cells involved in cancer
and immune function, or cells infected with viruses, I sug-
gest that exosomal signaling may be equally important in
the nervous system. Exosomal signaling may potentially
operate across a variety of species, and during develop-
m e n t  a s  w e l l  a s  i n  t h e  m a t u r e  b r a i n .  I t  i s  n o t  k n o w n
whether, in general, the secretion and uptake of neuronal
exosomes are independent of sites of synaptic transmis-
sion; the MVB-dependent trafficking of viruses and neuro-
trophins seems to occur preferentially and bi-directionally
across synapses, which may argue for an association of
exosomes with synapses. In one particular case – that of
excitatory synapses within the mature adult mammalian
forebrain – the evidence for exosomal signaling in vivo is
particularly strong, and the biological significance as a
mechanism of retrograde signaling at synapses is particu-
larly apparent.
Namely, a large number of diverse observations favor the
hypothesis that:Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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▪exosomes form at the postsynaptic membrane of exci-
tatory synapses, adjacent to the postsynaptic density,
and
▪transfer a specific set of synaptic proteins, mRNAs and
microRNAs to the presynaptic terminal.
▪These cargoes either act locally within the presynaptic
terminal or are transported back to presynaptic neuro-
nal cell bodies.
▪Exosomal transfer is greatly stimulated by stimuli that
elicit LTP and other long-lasting changes associated
with learning and memory.
In this scenario, exosomal transfer of cargoes should com-
prise one of the means by which retrograde signaling con-
tributes to synaptic plasticity and to trophic maintenance
of neuronal circuitry. In the following sections, the evi-
dence for this hypothesis is reviewed in detail.
5a. The postsynaptic membrane expresses endocytic-like lipid raft 
domains and the dendritic spine contains endosomal sorting 
structures
Synapses harbor endocytic-like lipid raft domains of the
plasma membrane that are located lateral to the postsyn-
aptic density [66,67]. These dendritic lipid rafts are known
to be platforms for signal transduction initiated by several
classes of neurotrophic factors [66], and are sites of vesic-
ular trafficking of AMPA receptors [68] and new mem-
brane expansion [69] via recycling endosomes. As well, a
variety of endocytic structures have been described within
dendritic spines, including clearly identifiable multivesic-
ular bodies, as well as other tubular compartments and
small vesicles that were identified as potential exosomes
[70,71]. While recycling endosomes are not, themselves,
sources of exosomal secretion, there is evidence that
GluR2 can be diverted to late endosomes/lysosomes in
response to NMDA stimulation [72], indicating the exist-
ence of a sorting way-station similar to that which occurs
within multivesicular bodies. Thus, on the postsynaptic
membrane as well as within the dendritic spine, membra-
nous structures exist that may potentially form exosomes.
5b. Synaptic spinules appear to represent exosomes that bud directly 
into the presynaptic terminal
Synaptic spinules are evaginations of the postsynaptic
membrane that arise from sites adjacent to postsynaptic
densities, that extend into the presynaptic axon. and that
appear to be engulfed by the latter into clathrin-coated
pits and tubules [73-76] (see fig. 2, 3). Less commonly,
spinules arise from axons and growth cones and can also
extend into perisynaptic glial cells. Spinules are more con-
spicuous after eliciting LTP [74-77] and in large mush-
room spines [76], suggesting a positive correlation
between LTP, spine growth, protein synthesis within the
spine head and trans-endocytosis into the presynaptic ter-
minal [76,78]. Investigators have repeatedly suggested
that spinules may provide a mechanism for retrograde
transfer of cytoplasmic and membrane materials
[73,76,79]. The spine apparatus (a specialized membra-
nous structure resembling ER), multivesicular bodies and
ribosomes are often found near spinules [73,74], and Tar-
rant and Routteberg [73,74] have reported that "ribos-
omal-like" material can be observed within spinule
cytoplasm as well, though they have not been reported to
contain mitochondria or other organelles. Because of
their location, size and activity-dependent regulation, it is
likely that synaptic spinules are the morphologic correlate
of budding exosomes transferring their cargoes at excita-
tory synapses.
5c. Neurotropic viruses utilize MVBs and lipid raft domains of the 
postsynaptic membrane
Many neurotropic viruses that attack the CNS (including
polio, rabies, measles, varicella, herpes simplex viruses,
etc.) spread preferentially in a trans-synaptic manner,
both anterogradely and retrogradely. The Trojan exosome
hypothesis was formulated for retroviruses [57], but other
viruses may become packaged via exosomal pathways as
well; e.g., at least one DNA neurotropic virus, herpes sim-
plex virus type 1, which shows preferential trans-neuronal
spread, has been shown to employ multivesicular bodies
in its biogenesis [80,81]. In the anterograde direction, vir-
ions are packaged within perikarya, are then transported
down axons (piggybacking on normal axonal transport
mechanisms) and arrive at nerve terminals, where they are
released onto neighboring postsynaptic neurons [82]. The
preferential targeting of virions to synaptic regions may be
facilitated by the fact that the viral proteins and RNAs are
transported to nerve endings for assembly [83]; indeed, in
sensory neurons, herpesvirus induces the formation of
new presynaptic varicosities that serve as assembly and
release sites [84]. Conversely, viruses can also be localized
to dendritic spines and postsynaptic densities [85] and
can spread retrogradely to presynaptic neurons. In fact,
under some conditions viral budding has been observed
to occur from a site adjacent to the postsynaptic density
where they evaginate directly into the presynaptic axon
[86] – very reminiscent of synaptic spinules.
5d. Cargo proteins within postsynaptic exosomes
Several proteins that are expressed near the postsynaptic
membrane, and that regulate synaptic plasticity, are lead-
ing candidates to be carried as cargoes by postsynaptic
exosomes:
a) CAM kinase II alpha
Subcellular fractionation studies have revealed that a por-
tion of CAM kinase II alpha is associated with dendriticBiology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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Spinules on mushroom dendritic spines Figure 2
Spinules on mushroom dendritic spines. a, Micrograph through the center of a spinule (turquoise) emerging from a perforation 
(arrowhead) in the postsynaptic density into the presynaptic axon. b, Reconstruction of the spine illustrated in a with the 
spinule in turquoise and the PSD surface area in red. c, d, Serial sections through the presynaptic axon (pre; green) and a 
spinule (arrowhead; turquoise) emerging from the edge of a mushroom spine head into the presynaptic axon and another 
spinule also emerging from the edge of the spine head (arrowhead; lavender) but invaginating a neighboring axon (n). e, High 
magnification of serial section beyond d showing a coating along the cytoplasmic surface of the spinule on the side of the invagi-
nated presynaptic axon (arrowhead). f, Later sections of the mushroom spine head showing where the presynaptic axon deeply 
invaginated the spine head in a vesicle-free zone adjacent to a cell-adhesion (arrow) that is adjacent to the postsynaptic density 
on subsequent serial sections. g, Three-dimensional reconstruction of the mushroom spine (beige) with perforated synapse 
(red) and several small spinules into the presynaptic axon (turquoise spinules) or neighboring axon (lavender spinules). Repro-
duced from ref. 76 with the permission of the Society for Neuroscience (copyright 2004) and Dr. Harris.Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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lipid rafts [87,88]. Whereas CAM kinase II has been the
subject of extraordinarily intense study because it is criti-
cal for postsynaptic mechanisms of plasticity [89], studies
have indicated that presynapticCAM kinase II plays a role
in synaptic plasticity as well [90-94]. Thus, movement of
CAM kinase II protein (or its mRNA) from the postsynap-
tic to the presynaptic side would be expected to alter syn-
aptic plasticity. In fact, Ninan and Arancio [93]
demonstrated that injecting CAMKII alpha protein into
presynaptic hippocampal neurons caused potentiation
across the synapse when paired with a weak stimulus
train. CAMKII holoenzyme at synapses consists solely of
alpha subunits organized into a 12-subunit multimer that
can form higher-order structures at the synapse [88]. The
higher-order multimerization is enhanced by conditions
that raise intracellular calcium levels [88], which is note-
worthy insofar as Fang et al. proposed that higher-order
oligomerization and membrane association are predictive
of sorting to exosomes [32]. In carp retina, CAM kinase II
has been observed within synaptic spinules [95], though
to my knowledge, mammalian spinules have not been
examined. Thus, CAM kinase II alpha can be regarded as a
leading candidate cargo protein for synaptic exosomes.
Models of spinule functions Figure 3
Models of spinule functions. a, Process whereby trans-endocytosis of spinules removes excess presynaptic and postsynaptic 
plasma membrane after substantial activation results in transient perforated or segmented synapses on mushroom spines. This 
process could also provide retrograde signaling. b, Neighboring axons vying for synapses via spinules on the necks and heads of 
thin spines. c, Intercellular signaling between thin spines and perisynaptic glia via spinules. Reproduced from ref. 76 with the 
permission of the Society of Neuroscience (copyright 2004) and Dr. Harris.Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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b) AMPA receptors
These are expressed in the postsynaptic membrane as
tetramers, and a portion are associated with lipid rafts
[e.g., [87,96]]. These tetramers form larger clusters that
vary in size according to stimuli such as conditions that
elicit long-term potentiation [96]. Detergent extraction
experiments indicate that a significant fraction of the
AMPA receptor clusters are found within the lipid rafts
[97]. These in vivo considerations suggest that higher-
order oligomerization of AMPA receptors can be induced
to occur within lipid rafts, and are consistent with the
observation that AMPA receptor subunits are detected
within purified neuronal exosomes in vitro[51]. (In con-
trast, NMDA receptors and PSD-95, which in mature syn-
apses in vivo are primarily associated with the
postsynaptic density, are not detectable in neuronal exo-
somes [51].) In fish retina, AMPA receptor subunit GluR2
has been observed within synaptic spinules [98]. Cycling
of cell-surface AMPA receptors to and from the cell surface
is an important mechanism of regulating synaptic plastic-
ity [89], whereas to my knowledge, no physiologic role for
presynaptic AMPA receptors has been described. Thus,
packaging AMPA receptors into exosomes may be an addi-
tional means by which the postsynaptic (host) neuron
rids itself of excess receptors, in addition to the currently
known mechanisms (internalization into recycling endo-
somes and routing to the endosomal/lysosomal pathway
for degradation).
c) Transcription factors
Engrailed-1 mRNA is transported into dendrites where it
is translated locally in response to synaptic activity [99].
As a homeodomain messenger protein, it has been impli-
cated in intercellular movement among cells [100]. In a
non-neural cell type, the related protein Engrailed-2 has
been found to associate with cholesterol rich endocytic
vesicles [48]. As a transcription factor, Engrailed-1 would
be expected to alter gene expression within the presynap-
tic neuron. A variety of other transcription factors are also
known to be expressed locally in dendrites, including
CREB, NFkappaB, STAT3, NAC1 and Tbr-1, and these also
undergo induced mobilization in response to synaptic
activity. Although current thinking is that these transcrip-
tion factors translocate to the cell body, the possibility
that they also show movement into exosomes should be
examined.
5e. mRNAs as cargoes of postsynaptic exosomes?
If mast cell exosomes do, indeed, harbor mRNAs and
microRNAs, as reported by Valadi et al. [3], then it is rea-
sonable to expect that this will prove to be a general fea-
ture of exosomes in other cell types. However, as
discussed above, this report is not the only reason to sus-
pect that RNA signaling may occur via exosomes, and
many pieces of circumstantial evidence are consistent
with a role for inter-cellular transfer of mRNAs and micro-
RNAs at synapses:
a) A specific population of synaptic mRNAs is transported selectively 
to dendrites in an activity-dependent manner
This is the case for the candidate exosomal cargoes dis-
cussed above, e.g., Engrailed-1, CAM kinase II alpha
[101], and AMPA receptor subunits GluR1-3, as well as
translation elongation factors 1A and 2 (note that transla-
tion initiation factors and elongation factors have been
routinely detected within exosomal preparations [3-10]).
In fact, polyribosomes (and hence, both mRNAs and
newly synthesized proteins) actively move into dendritic
spines after LTP eliciting stimuli [102,103]. This stream of
transported mRNAs provides a local pool that may poten-
tially become packaged into exosomes.
b) Synaptic mRNAs are surprisingly diverse, and are expressed 
surprisingly close to the postsynaptic membrane
For example, Suzuki et al. prepared postsynaptic density
fractions from rat forebrain and identified mRNAs that
were enriched in this fraction by gene chip analysis [104].
They found ~1900 different mRNAs, which comprised a
number of different functional categories including chan-
nels, receptors for neurotransmitters and neuromodula-
tors, integrins and matrix proteins, proteins involved in
signaling, scaffold and adaptor proteins and cytoskeletal
proteins. Many of these mRNAs were greatly enriched in
the PSD fraction relative to total forebrain homogenate
(or were undetectable within the total homogenate)
[104].
c) EIF4E, which binds the 5'-cap of mRNAs during their transport into 
dendrites, is a good candidate to assist in sorting of mRNAs into 
exosomes
In subcellular fractionation studies, EIF4E is partitioned
to lipid rafts and is localized right next to the PSD. When
Asaki et al. [105] characterized the biochemical and EM
immunocytochemical distribution of translation initia-
tion and elongation factors within synaptic preparations
of mature rat brain, they found that EIF4E, 4E-binding
protein, EIF2A, EIF4G, and elongation factor 2 were all
preferentially associated with lipid rafts. In their words
[105]:
"The eIF4E-immunoreactivity was localized to the
postsynaptic sites, especially to the microvesicle-like
structures underneath the postsynaptic membrane in
the spine, some of which were localized in close prox-
imity to the PSD."
The authors interpreted these results as suggesting that the
postsynaptic local translational system takes place, at least
partly, immediately beneath the postsynaptic membrane.
However, the results also show that the initiation andBiology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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elongation factors (and presumably their associated
mRNAs) are present at or near the proposed sites of nas-
cent exosomes. One can envision why the two processes
(protein synthesis and exosomal packaging) might be
closely linked: By packaging proteins within exosomes
immediately after their synthesis, or by packaging mRNAs
to be translated within the recipient neuron, one can
ensure that the proteins are "fresh" and functional within
the recipient cell and not already involved in stable asso-
ciations with other proteins.
Besides helping to package mRNAs, translation initiation
and elongation factors may also serve as cargo proteins to
facilitate protein synthesis within the presynaptic termi-
nal. Although growing axons and growth cones have
active protein translation machineries, protein synthesis is
relatively sparse in mature presynaptic terminals [106].
Thus, even a relatively small transfer of regulatory proteins
and mRNAs to the presynaptic side might have a signifi-
cant contribution to overall protein synthesis in this loca-
tion.
Another candidate RNA-binding cargo protein is CPEB1,
a protein that binds to CPE elements present in the 3'-UTR
of certain mRNAs [107]. CPEB1 is a key regulator of
mRNA transport in neurons: For example, it is a compo-
nent of RNA transport particles that contain staufen and
FMRP [108]. CPEB1 stimulates transport of CAM kinase II
alpha mRNA to dendrites in an activity-dependent man-
ner [109]; and it works in conjunction with EIF4E and
other proteins to regulate the polyadenylation and trans-
lation of the mRNAs that it binds, many of which encode
mRNAs that are transported to dendrites and that encode
synaptic proteins [110]. To my knowledge, there is no
direct evidence that CPEB1 associates with lipid rafts at
synapses. However, Cao et al. [111] showed that CPEB1,
as well as a variety of translational components including
EIF4E and CPSF, show an association with oocyte mem-
branes through binding to the C-terminal tails of amyloid
precursor proteins APP, APLP1 and APLP2. This is note-
worthy since amyloid precursor family proteins are
enriched at synaptic sites, can be routed to lipid rafts
[112], and have been identified within endosomal-lyso-
somal compartments as well. Furthermore, the associa-
tion with APP family proteins promotes CPEB1-
dependent polyadenylation and translation [111].
d) A compartmentalized population of microRNAs is also expressed 
in synaptic fractions
Hundreds of microRNAs are expressed within the mature
forebrain, and at least some regulate the translation of
specific target mRNAs within dendritic spines [[113],
reviewed in [114]]. My group has recently characterized
the relative abundance of mature microRNAs in microar-
ray and real time RT-PCR studies of synaptic fractions (i.e.,
synaptoneurosomes) isolated from adult mouse fore-
brain. Most of the microRNAs that are expressed in the
forebrain homogenate are detectable in synaptoneuro-
somes as well; some microRNAs are much (up to ~8-fold)
less abundant in the synaptic fraction, but most have
roughly equal abundance, and about 10% of the microR-
NAs are significantly enriched in the synaptic fraction
(Lugli et al., ms. in preparation). Thus, the population of
microRNAs is abundant, diverse and has a characteristic
composition near mature synapses. It is not clear how
microRNAs would be sorted into exosomes, but most
microRNAs are found in association with actively translat-
ing mRNAs on polyribosomes [115]. If synaptic mRNAs
or microRNA-binding proteins (such as FMRP or EIF2c)
are sorted into exosomes, they could conceivably carry the
microRNAs with them.
6. Testing the model
Does exosomal trans-synaptic signaling occur within the
mammalian CNS? If so, do exosomes transfer proteins,
mRNAs or microRNAs from postsynaptic dendritic spines
to presynaptic terminals? Several lines of experiments are
proposed to test these hypotheses:
a) Tests of neuronal exosomes in vitro
Do neuronal exosomes [51] express any of the predicted
synaptic cargo proteins (e.g., CAM kinase II alpha, EIF4E
or CPEB1)? Are mRNAs detected? If so, are they enriched
in synaptic mRNAs and/or in mRNAs that bear CPE ele-
ments? Will depolarization of the neurons increase the
abundance or alter the types of secreted RNAs? Are micro-
RNAs detected within exosomes as well? If so, can one
identify related proteins such as dicer, FMRP or EIF2c
[116]? When neuronal exosomes are co-cultured with
naïve recipient neurons, can one demonstrate uptake of
RNAs into the recipient cells and show that the exosomes
produce appropriate effects, namely translation of trans-
ferred mRNAs and silencing of certain endogenous
mRNAs due to transferred microRNAs?
b) Tests of exosomal transfer in vivo
If CAM kinase II alpha is indeed a cargo for exosomes, can
CAM kinase II alpha protein be detected in vivo in non-
forebrain neurons that project to the forebrain, e.g., in
thalamic projection neurons that are not known to syn-
thesize this protein? If so, then either the CAM kinase II
alpha protein (or its mRNA) must have been transferred
to the thalamic neurons.
Another test is to characterize synaptic spinules using EM
immunocytochemistry, to ask if they harbor exosomal
marker proteins (Alix and Tsg101), as well as the putative
candidate protein cargoes and mRNAs (using tagged oligo
dT probes).Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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Perhaps most importantly, one should be able to express
a tagged version of Alix protein selectively in postnatal
forebrain neurons of transgenic mice, by using constructs
that are under the control of the CAMKII alpha promoter.
(Because overproduction of Alix can lead to cell death via
its interactions with ALG-2, a mutated form of Alix lacking
the ALG-2 interaction domain should be employed [117].
As a positive control, one needs to verify that exosome
secretion occurs normally in cortical neuronal cultures
prepared from the transgenic mice, and that one can
detect the tagged, mutated Alix protein within exosomes
secreted in these cultures.) If tagged Alix protein is
detected not only in forebrain neurons, but also within
their presynaptic partners in brain regions that lack CAM-
KII expression, then one can conclude that Alix is being
transferred intercellularly, most likely within exosomes.
As a negative control, expressing a tagged irrelevant pro-
tein thought NOT to be present in exosomes (e.g., PSD-95
[51]) should show no intercellular transfer. If exosomal
signaling is verified, then one can tag candidate synaptic
proteins and their mRNAs (chosen from among those that
are expressed in preparations of neuronal exosomes) and
test their intercellular transfer using a similar strategy.
Conclusion
Ten years ago, the existence of the class of microRNAs and
other tiny RNAs was not merely unknown, but entirely
unpredicted and unsuspected. Similarly, I believe that
exosomal secretion has remained "below the radar" of
most neurobiologists because there does not appear to be
any needfor yet another mechanism of cell-cell signaling.
Just as the tiny RNAs have reared their heads in too many
arenas to be ignored, so have exosomal-like vesicles
appeared in many guises including argosomes found in
developing epithelia, circulating fetal RNA found in the
maternal blood, tissue antigens processed by antigen-pre-
senting cells, and synaptic spinules.
My contribution in this review has been to draw attention
to the likelihood that exosomal signaling is a fundamen-
tal mode of communication within the nervous system,
and that not only proteins but also mRNAs and microR-
NAs may be transferred, thus supplementing the known
mechanisms of anterograde and retrograde signaling
across synapses. In particular, I propose that lipid raft
regions of the postsynaptic plasma membrane are sites of
exosomal packaging and intercellular transfer of synaptic
signaling molecules that play key roles in regulating syn-
aptic plasticity and long-term trophic effects on neural cir-
cuitry. Exosomes are likely to be important even if further
tests reveal that they only carry proteins (and not RNAs).
However, it will be interesting to see whether, in ten years,
inter-cellular RNA signaling achieves the same level of
respectability and interest that intra-cellular RNA signal-
ing has today.
Review 1
Dr. Etienne Joly, Equipe de Neuro-Immuno-Génétique
Moléculaire, CNRS, France
In this manuscript, Neil R. Smalheiser proposes that inter-
neuronal communication in the nervous system could
involve the inter-cellular transfer of macromolecules (pro-
teins and RNAs) via ferrying by exosomes. I am probably
not the most impartial judge for these ideas because I have
also been convinced for quite a while that the phenome-
non of using macromolecules as inter-cellular messengers
does exist, and probably not just between the cells of the
central nervous system, but on a very large and frequent
scale.
In my eyes, the main strength of this manuscript lies with
the large number of observations from a vast number of
published papers (139 in total) from very diverse areas of
biology that Neil Smalheiser has managed to collect to
strengthen his hypothesis, many of which had escaped my
attention.
This being said, I must admit that I am slightly surprised
that the author should be so convinced that the traffic of
macromolecules between cells could only be conveyed by
exosome-like vesicles, and has not mentioned nanotubes
or gap junctions as potential routes of exchange for RNAs
& protein.
Another initial criticism I had made regarding the manu-
script was that it did not make for very easy reading, but I
have found the current version to be much improved.
Author's response
I have altered the focus of the review – instead of covering
the topic of intercellular RNA signaling in general, and
then discussing a specific example in the CNS, I have now
gone straight to the topic of exosomes, and approached
the model from that perspective. This makes the paper
shorter and less meandering, and I have rearranged and
rewritten much of it. I have also added a paragraph that
mentions a variety of possible mechanisms besides exo-
somes that can potentially support intercellular RNA sig-
naling.
Review 2
Dr. Gaspar Jekely, Max Planck Institute for Developmen-
tal Biology, Germany
This paper presents the interesting hypothesis that
secreted exosomes can function in intercellular signaling
in the nervous system. The author provides an extensive
review of the literature of exosomes and exosome-medi-
ated signaling and formulates the hypothesis that cargo
proteins and RNAs of exosomes can have important rolesBiology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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in neuron to neuron signaling. Importantly, feasible
experimental approaches to test the hypothesis and spe-
cific candidate proteins that possibly mediate intercellular
signaling are also suggested. This hypothesis will surely
increase awareness of the multiple roles of exosomes in
cell and neurobiology and will potentially stimulate
important experimental work.
A few additions and clarifications would help in present-
ing the model and its predictions. Since the generation
and secretion of exosomes is a multi-step process involv-
ing several regulated topology-breaking membrane rear-
rangements, the paper would greatly benefit from a figure
and an explicit listing of all the necessary steps that would
have to occur if exosome signaling is to work. These steps
include at least the sorting of lipids, proteins and RNAs at
the plasma membrane and subsequent inward budding to
generate an endosome, the sorting steps and inward bud-
ding of this vesicle to generate MVBs, the regulated (activ-
ity-dependent) fusion of MVBs with the plasma
membrane to secrete exosomes, the fusion of exosomes
with the target cell and the signaling step within the target
cell.
Author's response
I have now added a figure on exosomes (and two on syn-
aptic spinules). The revised version also discusses the
Faure et al. paper in more detail, and changes the title to
reflect the scope better.
Review 3
Juergen Brosius, Institute of Experimental Pathology/
Molecular Neurobiology, University of Muenster, Ger-
many
The idea of intercellular RNA has been around for some
time. While there is more and more evidence in plants,
e.g., see: Dunoyer P, Himber C, Ruiz-Ferrer V, Alioua A,
Voinnet O. (2007) Intra- and intercellular RNA interfer-
ence in Arabidopsis thaliana requires components of the
microRNA and heterochromatic silencing pathways. Nat
Genet. 39:848–56. Epub 2007 Jun 10, the situation is still
highly speculative in mammals. Nevertheless, one contin-
ues to finds hints (as outlined in the manuscript) that
intercellular RNA signaling could also play a role in mam-
mals, especially in the nervous system. About two decades
ago, Steven Benner has made such an argument based on
reports of cytotoxicity of RNAses by extracellular action:
Benner SA. (1988) Extracellular 'communicator RNA'.
FEBS Lett. 233:225–8. This should be mentioned.
Even today, unequivocal experimental evidence will be
hard to come by (clean sub-cellular fractions, avoidance
of "extracellular" RNA by lysed cells, etc.). The author has
done an extraordinary job to describe (and underscore
with existing information) some scenarios that could hap-
pen if there was intercellular RNA signaling in mammals.
Predictions of the potential harvest will hopefully encour-
age future efforts despite the expected experimental pit-
falls. This alone would justify publication of this piece.
The danger of collections of such "Texas sharpshooter fal-
lacies" http://en.wikipedia.org/wiki/
Texas_sharpshooter_fallacy lies in the high probability
that at least one component has to be (re)moved, leading
to the collapse of sections or the entire "house of cards".
Author's response
I have added a paragraph that discusses Benner's paper,
among other possible mechanisms of inter-cellular RNA
signaling that were not discussed in the original manu-
script (e.g. gap junctions). I have also rewritten the paper
to acknowledge, yet avoid as much as possible, the "house
of cards" issue. That is, even if the paper of Valadi et al.
(claiming that mast cell exosomes harbor mRNAs and
microRNAs) cannot be replicated, I try to explain how and
why my model still has a leg to stand on.
Review 4
Dr. Eugene Koonin, National Center for Biotechnology
Information, NIH, USA
This is, decidedly, a very educational and provocative
paper. That RNA might be a major agent of cell-to-cell
communication in mammals is an exciting possibility,
and I agree with Smalheiser that there is a chance that this
is a major signaling pathway that goes "under the radar"
much like small regulatory RNAs did just a few years ago.
Only a chance but that is already a good reason to spell it
out and highlight the possibility. This being said, I find
many arguments in the paper to be somewhat less then
persuasive or, perhaps, not argued as closely as possible.
1. I am not quite compelled to believe that there are sys-
tems of intercellular RNA signaling in invertebrates
beyond pathogen response. Such systems certainly do
exist in plants but, with the extensive cell-to-cell commu-
nication through the plasmodesamata, this is a different
story. Perhaps, it is possible to elaborate on this point.
2. I am not sure about the relevance of the description of
the secretion of retroviruses. Then, again, if retroviruses
are relevant, why not all kinds of enveloped viruses? These
are, indeed, brought into the fold later in the paper. If this
is all about the Trojan exosome hypothesis, i.e, viruses
exploiting normal mechanisms of RNA secretion, then,
this has to better explained and critically assessed.
3. The argument very heavily relies on the paper by Valadi
et al. (Ref. 3). All other reports on cell-to-cell communica-Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
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tion in mammals are either tentative, as noted by Smalhe-
iser, or tangentially relevant (like the liposome
experiments). On a more positive note, the evidence of
exosomal origin of much of the RNA found in blood etc
(reviewed in ref. 54) is suggestive.
4. I find it rather strange that the discussion of the proteins
that might be packaged into synaptic exosomes is much
more detailed than the corresponding discussion of
mRNAs and miRNAs. The paper is generally about RNA-
based cell-to-cell signaling not about accompanying pro-
teins. I would think there should be some more detail on
synaptic RNAs and less text on proteins.
Author's response
Most of these issues were dealt with by refocusing the
paper on exosomes (and considering both protein and
RNA cargoes), since this is at the heart of the specific
model I am proposing (retrograde movement of exo-
somes at synapses). I do not believe that viral packaging
into exosomes necessarily implies that RNAs are packaged
into exosomes in the same way, and I don't think that
implication comes across in the revised version.
Competing interests
The author declares that he has no competing interests.
Acknowledgements
Supported by NIH Grants MH81099 and LM07292. This Human Brain 
Project/Neuroinformatics research was funded jointly by the National 
Library of Medicine and the National Institute of Mental Health. The con-
tents of this paper are solely the responsibility of the author and do not 
necessarily represent the official views of NIH.
References
1. van Niel G, Porto-Carreiro I, Simoes S, Raposo G: Exosomes: a
common pathway for a specialized function.  J Biochem (Tokyo)
2006, 140:13-21.
2. Fevrier B, Raposo G: Exosomes: endosomal-derived vesicles
shipping extracellular messages.  Curr Opin Cell Biol 2004,
16:415-421.
3. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO: Exo-
some-mediated transfer of mRNAs and microRNAs is a
novel mechanism of genetic exchange between cells.  Nat Cell
Biol 2007, 9:654-659.
4. Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G, Mobius W,
Hoernschemeyer J, Slot JW, Geuze HJ, Stoorvogel W: Proteomic
and biochemical analyses of human B cell-derived exosomes.
Potential implications for their function and multivesicular
body formation.  J Biol Chem 2003, 278:10963-10972.
5. Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G,
Garin J, Amigorena S: Proteomic analysis of dendritic cell-
derived exosomes: a secreted subcellular compartment dis-
tinct from apoptotic vesicles.  J Immunol 2001, 166:7309-7318.
6. Potolicchio I, Carven GJ, Xu X, Stipp C, Riese RJ, Stern LJ, Santam-
brogio L: Proteomic analysis of microglia-derived exosomes:
metabolic role of the aminopeptidase CD13 in neuropeptide
catabolism.  J Immunol 2005, 175:2237-2243.
7. Olver C, Vidal M: Proteomic analysis of secreted exosomes.
Subcell Biochem 2007, 43:99-131.
8. Hegmans JP, Bard MP, Hemmes A, Luider TM, Kleijmeer MJ, Prins JB,
Zitvogel L, Burgers SA, Hoogsteden HC, Lambrecht BN: Proteomic
analysis of exosomes secreted by human mesothelioma
cells.  Am J Pathol 2004, 164:1807-1815.
9. Mears R, Craven RA, Hanrahan S, Totty N, Upton C, Young SL, Patel
P, Selby PJ, Banks RE: Proteomic analysis of melanoma-derived
exosomes by two-dimensional polyacrylamide gel electro-
phoresis and mass spectrometry.  Proteomics 2004, 4:4019-4031.
10. Pisitkun T, Shen RF, Knepper MA: Identification and proteomic
profiling of exosomes in human urine.  Proc Natl Acad Sci USA
2004, 101:13368-13373.
11. Voinnet O: Non-cell autonomous RNA silencing.  FEBS Lett
2005, 579:5858-5871.
12. Winston WM, Sutherlin M, Wright AJ, Feinberg EH, Hunter CP:
Caenorhabditis elegans SID-2 is required for environmental
RNA interference.  Proc Natl Acad Sci USA 2007, 104:10565-10570.
13. Tijsterman M, May RC, Simmer F, Okihara KL, Plasterk RH: Genes
required for systemic RNA interference in Caenorhabditis
elegans.  Curr Biol 2004, 14:111-116.
14. Timmons L, Tabara H, Mello CC, Fire AZ: Inducible systemic
RNA silencing in Caenorhabditis elegans.  Mol Biol Cell 2003,
14:2972-2983.
15. Saleh MC, van Rij RP, Hekele A, Gillis A, Foley E, O'Farrell PH, Andino
R: The endocytic pathway mediates cell entry of dsRNA to
induce RNAi silencing.  Nat Cell Biol 2006, 8:793-802.
16. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, Ratajczak
MZ: Embryonic stem cell-derived microvesicles reprogram
hematopoietic progenitors: evidence for horizontal transfer
of mRNA and protein delivery.  Leukemia 2006, 20:847-856.
17. Ratajczak J, Wysoczynski M, Hayek F, Janowska-Wieczorek A, Rata-
jczak MZ: Membrane-derived microvesicles: important and
underappreciated mediators of cell-to-cell communication.
Leukemia 2006, 20:1487-1495.
18. Baj-Krzyworzeka M, Szatanek R, Weglarczyk K, Baran J, Urbanowicz
B, Branski P, Ratajczak MZ, Zembala M: Tumour-derived micro-
vesicles carry several surface determinants and mRNA of
tumour cells and transfer some of these determinants to
monocytes.  Cancer Immunol Immunother 2006, 55:808-818.
19. Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, Tetta C, Bian-
cone L, Bruno S, Bussolati B, Camussi G: Endothelial progenitor
cell-derived microvesicles activate an angiogenic program in
endothelial cells by an horizontal transfer of mRNA.  Blood
2007, 110:2440-2448.
20. Tran N, Raponi M, Dawes IW, Arndt GM: Control of specific gene
expression in mammalian cells by co-expression of long
complementary RNAs.  FEBS Lett 2004, 573:127-134.
21. Gerdes HH, Bukoreshtliev NV, Barroso JF: Tunneling nanotubes:
a new route for the exchange of components between ani-
mal cells.  FEBS Lett 2007, 581:2194-2201.
22. Feinberg EH, Hunter CP: Transport of dsRNA into cells by the
transmembrane protein SID-1.  Science 2003, 301:1545-1547.
23. Duxbury MS, Ashley SW, Whang EE: RNA interference: a mam-
malian SID-1 homologue enhances siRNA uptake and gene
silencing efficacy in human cells.  Biochem Biophys Res Commun
2005, 331:459-463.
24. Tsang SY, Moore JC, Huizen RV, Chan CW, Li RA: Ectopic expres-
sion of systemic RNA interference defective protein in
embryonic stem cells.  Biochem Biophys Res Commun 2007,
357:480-486.
25. Valiunas V, Polosina YY, Miller H, Potapova IA, Valiuniene L, Doronin
S, Mathias RT, Robinson RB, Rosen MR, Cohen IS, Brink PR: Con-
nexin-specific cell-to-cell transfer of short interfering RNA
by gap junctions.  J Physiol 2005, 568:459-468.
26. Wolvetang EJ, Pera MF, Zuckerman KS: Gap junction mediated
transport of shRNA between human embryonic stem cells.
Biochem Biophys Res Commun 2007, 363:610-615.
27. Benner SA: Extracellular 'communicator RNA'.  FEBS Lett 1988,
233:225-228.
28. Gantier MP, Williams BR: The response of mammalian cells to
double-stranded RNA.  Cytokine Growth Factor Rev 2007,
18:363-371.
29. Sciortino MT, Taddeo B, Poon AP, Mastino A, Roizman B: Of the
three tegument proteins that package mRNA in herpes sim-
plex virions, one (VP22) transports the mRNA to uninfected
cells for expression prior to viral infection.  Proc Natl Acad Sci
USA 2002, 99:8318-8323.
30. Johnstone RM: The Jeanne Manery-Fisher Memorial Lecture
1991. Maturation of reticulocytes: formation of exosomes as
a mechanism for shedding membrane proteins.  Biochem Cell
Biol 1992, 70:179-190.Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
Page 14 of 15
(page number not for citation purposes)
31. Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE, Gould SJ: Exo-
somes and HIV Gag bud from endosome-like domains of the
T cell plasma membrane.  J Cell Biol 2006, 172:923-935.
32. Fang Y, Wu N, Gan X, Yan W, Morrell JC, Gould SJ: Higher-order
oligomerization targets plasma membrane proteins and HIV
gag to exosomes.  PLoS Biol 2007, 5:e158.
33. Fra AM, Williamson E, Simons K, Parton RG: Detergent-insoluble
glycolipid microdomains in lymphocytes in the absence of
caveolae.  J Biol Chem 1994, 269:30745-30748.
34. Cocucci E, Racchetti G, Podini P, Rupnik M, Meldolesi J: Enlargeo-
some, an exocytic vesicle resistant to nonionic detergents,
undergoes endocytosis via a nonacidic route.  Mol Biol Cell 2004,
15:5356-5368.
35. Gruenberg J, Stenmark H: The biogenesis of multivesicular
endosomes.  Nat Rev Mol Cell Biol 2004, 5:317-323.
36. Hurley JH, Emr SD: The ESCRT complexes: structure and
mechanism of a membrane-trafficking network.  Ann Rev Bio-
phys Biomol Struct 2006, 35:277-298.
37. Nickel W: Unconventional secretory routes: direct protein
export across the plasma membrane of mammalian cells.
Traffic 2005, 6:607-614.
38. Prochiantz A: Messenger proteins: homeoproteins, TAT and
others.  Curr Opin Cell Biol 2000, 12:400-406.
39. Prochiantz A, Joliot A: Can transcription factors function as
cell-cell signalling molecules?  Nat Rev Mol Cell Biol 2003,
4:814-819.
40. Reiness CG, Seppa MJ, Dion DM, Sweeney S, Foster DN, Nishi R:
Chick ciliary neurotrophic factor is secreted via a nonclassi-
cal pathway.  Mol Cell Neurosci 2001, 17:931-944.
41. Mambula SS, Calderwood SK: Heat shock protein 70 is secreted
from tumor cells by a nonclassical pathway involving lyso-
somal endosomes.  J Immunol 2006, 177:7849-7857.
42. Lancaster GI, Febbraio MA: Exosome-dependent trafficking of
HSP70: a novel secretory pathway for cellular stress pro-
teins.  J Biol Chem 2005, 280:23349-23355.
43. Taylor AR, Robinson MB, Gifondorwa DJ, Tytell M, Milligan CE: Reg-
ulation of heat shock protein 70 release in astrocytes: Role of
signaling kinases.  Dev Neurobiol 2007, 67:1815-1829.
44. Bausero MA, Gastpar R, Multhoff G, Asea A: Alternative mecha-
nism by which IFN-gamma enhances tumor recognition:
active release of heat shock protein 72.  J Immunol 2005,
175:2900-2912.
45. Ziegler A, Nervi P, Durrenberger M, Seelig J: The cationic cell-pen-
etrating peptide CPP(TAT) derived from the HIV-1 protein
TAT is rapidly transported into living fibroblasts: optical,
biophysical, and metabolic evidence.  Biochemistry 2005,
44:138-148.
46. Tunnemann G, Martin RM, Haupt S, Patsch C, Edenhofer F, Cardoso
MC: Cargo-dependent mode of uptake and bioavailability of
TAT-containing proteins and peptides in living cells.  FASEB J
2006, 20:1775-1784.
47. Ceccarelli S, Visco V, Raffa S, Wakisaka N, Pagano JS, Torrisi MR:
Epstein-Barr virus latent membrane protein 1 promotes
concentration in multivesicular bodies of fibroblast growth
factor 2 and its release through exosomes.  Int J Cancer 2007,
121:1494-1506.
48. Joliot A, Trembleau A, Raposo G, Calvet S, Volovitch M, Prochiantz
A: Association of Engrailed homeoproteins with vesicles pre-
senting caveolae-like properties.  Development 1997,
124:1865-1875.
49. Stoeck A, Keller S, Riedle S, Sanderson MP, Runz S, Le Naour F, Gut-
wein P, Ludwig A, Rubinstein E, Altevogt P: A role for exosomes in
the constitutive and stimulus-induced ectodomain cleavage
of L1 and CD44.  Biochem J 2006, 393:609-618.
50. Yu X, Harris SL, Levine AJ: The regulation of exosome secre-
tion: a novel function of the p53 protein.  Cancer Res 2006,
66:4795-4801.
51. Faure J, Lachenal G, Court M, Hirrlinger J, Chatellard-Causse C, Blot
B, Grange J, Schoehn G, Goldberg Y, Boyer V, Kirchhoff F, Raposo G,
Garin J, Sadoul R: Exosomes are released by cultured cortical
neurones.  Mol Cell Neurosci 2006, 31:642-648.
52. Aoki N, Jin-no S, Nakagawa Y, Asai N, Arakawa E, Tamura N, Tamura
T, Matsuda T: Identification and characterization of microves-
icles secreted by 3T3-L1 adipocytes: redox- and hormone-
dependent induction of milk fat globule-epidermal growth
factor 8-associated microvesicles.  Endocrinology 2007,
148:3850-3862.
53. Bottcher K, Wenzel A, Warnecke JM: Investigation of the origin
of extracellular RNA in human cell culture.  Ann N Y Acad Sci
2006, 1075:50-56.
54. Keller S, Sanderson MP, Stoeck A, Altevogt P: Exosomes: from bio-
genesis and secretion to biological function.  Immunol Lett 2006,
107:102-108.
55. Greco V, Hannus M, Eaton S: Argosomes: a potential vehicle for
the spread of morphogens through epithelia.  Cell 2001,
106:633-645.
56. Nguyen DG, Booth A, Gould SJ, Hildreth JE: Evidence that HIV
budding in primary macrophages occurs through the exo-
some release pathway.  J Biol Chem 2003, 278:52347-52354.
57. Gould SJ, Booth AM, Hildreth JE: The Trojan exosome hypothe-
sis.  Proc Natl Acad Sci USA 2003, 100:10592-10597.
58. Pelchen-Matthews A, Raposo G, Marsh M: Endosomes, exosomes
and Trojan viruses.  Trends Microbiol 2004, 12:310-316.
59. Tytell M: Release of heat shock proteins (Hsps) and the effects
of extracellular Hsps on neural cells and tissues.  Int J Hyper-
thermia 2005, 21:445-455.
60. Weible MW 2nd, Hendry IA: What is the importance of multi-
vesicular bodies in retrograde axonal transport in vivo?  J Neu-
robiol 2004, 58:230-243.
61. Valdez G, Philippidou P, Rosenbaum J, Akmentin W, Shao Y, Halegoua
S: Trk-signaling endosomes are generated by Rac-dependent
macroendocytosis.  Proc Natl Acad Sci USA 2007, 104:12270-12275.
62. Fevrier B, Vilette D, Archer F, Loew D, Faigle W, Vidal M, Laude H,
Raposo G: Cells release prions in association with exosomes.
Proc Natl Acad Sci USA 2004, 101:9683-9688.
63. Almeida CG, Takahashi RH, Gouras GK: Beta-amyloid accumula-
tion impairs multivesicular body sorting by inhibiting the
ubiquitin-proteasome system.  J Neurosci 2006, 26:4277-4288.
64. Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P,
Simons K: Alzheimer's disease beta-amyloid peptides are
released in association with exosomes.  Proc Natl Acad Sci USA
2006, 103:11172-11177.
65. Skibinski G, Parkinson NJ, Brown JM, Chakrabarti L, Lloyd SL, Hum-
merich H, Nielsen JE, Hodges JR, Spillantini MG, Thusgaard T, Brand-
ner S, Brun A, Rossor MN, Gade A, Johannsen P, Sorensen SA,
Gydesen S, Fisher EM, Collinge J: Mutations in the endosomal
ESCRTIII-complex subunit CHMP2B in frontotemporal
dementia.  Nat Genet 2005, 37:806-808.
66. Tsui-Pierchala BA, Encinas M, Milbrandt J, Johnson EM Jr: Lipid rafts
in neuronal signaling and function.  Trends Neurosci 2002,
25:412-417.
67. Sheng M, Hoogenraad CC: The postsynaptic architecture of
excitatory synapses: a more quantitative view.  Annu Rev Bio-
chem 2007, 76:823-847.
68. Park M, Penick EC, Edwards JG, Kauer JA, Ehlers MD: Recycling
endosomes supply AMPA receptors for LTP.  Science 2004,
305:1972-1975.
69. Park M, Salgado JM, Ostroff L, Helton TD, Robinson CG, Harris KM,
Ehlers MD: Plasticity-induced growth of dendritic spines by
exocytic trafficking from recycling endosomes.  Neuron 2006,
52:817-830.
70. Cooney JR, Hurlburt JL, Selig DK, Harris KM, Fiala JC: Endosomal
compartments serve multiple hippocampal dendritic spines
from a widespread rather than a local store of recycling
membrane.  J Neurosci 2002, 22:2215-2224.
71. Blanpied TA, Scott DB, Ehlers MD: Dynamics and regulation of
clathrin coats at specialized endocytic zones of dendrites
and spines.  Neuron 2002, 36:435-449.
72. Lee SH, Simonetta A, Sheng M: Subunit rules governing the sort-
ing of internalized AMPA receptors in hippocampal neurons.
Neuron 2004, 43:221-236.
73. Tarrant SB, Routtenberg A: The synaptic spinule in the dendritic
spine: electron microscopic study of the hippocampal den-
tate gyrus.  Tissue Cell 1977, 9:461-473.
74. Tarrant SB, Routtenberg A: Postsynaptic membrane and spine
apparatus: proximity in dendritic spines.  Neurosci Lett 1979,
11:289-294.
75. Schuster T, Krug M, Wenzel J: Spinules in axospinous synapses
of the rat dentate gyrus: changes in density following long-
term potentiation.  Brain Res 1990, 523:171-174.Biology Direct 2007, 2:35 http://www.biology-direct.com/content/2/1/35
Page 15 of 15
(page number not for citation purposes)
76. Spacek J, Harris KM: Trans-endocytosis via spinules in adult rat
hippocampus.  J Neurosci 2004, 24:4233-4241.
77. Bourne JN, Sorra KE, Hurlburt J, Harris KM: Polyribosomes are
increased in spines of CA1 dendrites 2 h after the induction
of LTP in mature rat hippocampal slices.  Hippocampus 2007,
17:1-4.
78. Bourne J, Harris KM: Do thin spines learn to be mushroom
spines that remember?  Curr Opin Neurobiol 2007, 17:381-386.
79. Jobe TH, Fichtner CG, Port JD, Gaviria MM: Neuropoiesis: pro-
posal for a connectionistic neurobiology.  Med Hypotheses 1995,
45:147-163.
80. Crump CM, Yates C, Minson T: Herpes simplex virus type 1
cytoplasmic envelopment requires functional Vps4.  J Virol
2007, 81:7380-7387.
81. Calistri A, Sette P, Salata C, Cancellotti E, Forghieri C, Comin A,
Gottlinger H, Campadelli-Fiume G, Palu G, Parolin C: The intracel-
lular trafficking and maturation of herpes simplex virus type
1 gB and virus egress require functional multivesicular bod-
ies biogenesis.  J Virol 2007, 81:11468-11478.
82. Mettenleiter TC: Pathogenesis of neurotropic herpesviruses:
role of viral glycoproteins in neuroinvasion and transneuro-
nal spread.  Virus Res 2003, 92:197-206.
83. Enquist LW, Tomishima MJ, Gross S, Smith GA: Directional spread
of an alpha-herpesvirus in the nervous system.  Vet Microbiol
2002, 86:5-16.
84. De Regge N, Nauwynck HJ, Geenen K, Krummenacher C, Cohen
GH, Eisenberg RJ, Mettenleiter TC, Favoreel HW: Alpha-herpesvi-
rus glycoprotein D interaction with sensory neurons triggers
formation of varicosities that serve as virus exit sites.  J Cell
Biol 2006, 174:267-275.
85. Van Pottelsberghe C, Rammohan KW, McFarland HF, Dubois-Dalcq
M: Selective neuronal, dendritic, and postsynaptic localiza-
tion of viral antigen in measles-infected mice.  Lab Invest 1979,
40:99-108.
86. Dubois-Dalcq M, Hooghe-Peters EL, Lazzarini RA: Antibody-
induced modulation of rhabdovirus infection of neurons in
vitro.  J Neuropathol Exp Neurol 1980, 39:507-522.
87. Du F, Saitoh F, Tian QB, Miyazawa S, Endo S, Suzuki T: Mechanisms
for association of Ca2+/calmodulin-dependent protein
kinase II with lipid rafts.  Biochem Biophys Res Commun 2006,
347:814-820.
88. Petersen JD, Chen X, Vinade L, Dosemeci A, Lisman JE, Reese TS:
Distribution of postsynaptic density (PSD)-95 and Ca2+/cal-
modulin-dependent protein kinase II at the PSD.  J Neurosci
2003, 23:11270-11278.
89. Lisman J: Long-term potentiation: outstanding questions and
attempted synthesis.  Philos Trans R Soc Lond B Biol Sci 2003,
358:829-842.
90. Menegon A, Verderio C, Leoni C, Benfenati F, Czernik AJ, Greengard
P, Matteoli M, Valtorta F: Spatial and temporal regulation of
Ca2+/calmodulin-dependent protein kinase II activity in
developing neurons.  J Neurosci 2002, 22:7016-7026.
91. Celano E, Tiraboschi E, Consogno E, D'Urso G, Mbakop MP, Gen-
narelli M, de Bartolomeis A, Racagni G, Popoli M: Selective regula-
tion of presynaptic calcium/calmodulin-dependent protein
kinase II by psychotropic drugs.  Biol Psychiatry 2003, 53:442-449.
92. Hinds HL, Goussakov I, Nakazawa K, Tonegawa S, Bolshakov V:
Essential function of alpha-calcium/calmodulin-dependent
protein kinase II in neurotransmitter release at a glutama-
tergic central synapse.  Proc Natl Acad Sci USA 2003,
100:4275-4280.
93. Ninan I, Arancio O: Presynaptic CaMKII is necessary for synap-
tic plasticity in cultured hippocampal neurons.  Neuron 2004,
42:129-141.
94. Lu FM, Hawkins RD: Presynaptic and postsynaptic Ca(2+) and
CamKII contribute to long-term potentiation at synapses
between individual CA3 neurons.  Proc Natl Acad Sci USA 2006,
103:4264-4269.
95. Schultz K, Janssen-Bienhold U, Gundelfinger ED, Kreutz MR, Weiler
R: Calcium-binding protein Caldendrin and CaMKII are local-
ized in spinules of the carp retina.  J Comp Neurol 2004,
479:84-93.
96. Wang HG, Lu FM, Jin I, Udo H, Kandel ER, de Vente J, Walter U,
Lohmann SM, Hawkins RD, Antonova I: Presynaptic and postsyn-
aptic roles of NO, cGK, and RhoA in long-lasting potentia-
tion and aggregation of synaptic proteins.  Neuron 2005,
45:389-403.
97. Hering H, Lin CC, Sheng M: Lipid rafts in the maintenance of
synapses, dendritic spines, and surface AMPA receptor sta-
bility.  J Neurosci 2003, 23:3262-3271.
98. Klooster J, Studholme KM, Yazulla S: Localization of the AMPA
subunit GluR2 in the outer plexiform layer of goldfish retina.
J Comp Neurol 2001, 441:155-167.
99. Di Nardo AA, Nedelec S, Trembleau A, Volovitch M, Prochiantz A,
Montesinos ML: Dendritic localization and activity-dependent
translation of Engrailed1 transcription factor.  Mol Cell Neurosci
2007, 35:230-236.
100. Joliot A, Maizel A, Rosenberg D, Trembleau A, Dupas S, Volovitch M,
Prochiantz A: Identification of a signal sequence necessary for
the unconventional secretion of Engrailed homeoprotein.
Curr Biol 1998, 8:856-863.
101. Schuman EM, Dynes JL, Steward O: Synaptic regulation of trans-
lation of dendritic mRNAs.  J Neurosci 2006, 26:7143-7146.
102. Ostroff LE, Fiala JC, Allwardt B, Harris KM: Polyribosomes redis-
tribute from dendritic shafts into spines with enlarged syn-
apses during LTP in developing rat hippocampal slices.
Neuron 2002, 35:535-545.
103. Bourne JN, Sorra KE, Hurlburt J, Harris KM: Polyribosomes are
increased in spines of CA1 dendrites 2 h after the induction
of LTP in mature rat hippocampal slices.  Hippocampus 2007,
17:1-4.
104. Suzuki T, Tian QB, Kuromitsu J, Kawai T, Endo S: Characterization
of mRNA species that are associated with postsynaptic den-
sity fraction by gene chip microarray analysis.  Neurosci Res
2007, 57:61-85.
105. Asaki C, Usuda N, Nakazawa A, Kametani K, Suzuki T: Localization
of translational components at the ultramicroscopic level at
postsynaptic sites of the rat brain.  Brain Res 2003, 972:168-176.
106. Bi J, Tsai NP, Lin YP, Loh HH, Wei LN: Axonal mRNA transport
and localized translational regulation of kappa-opioid recep-
tor in primary neurons of dorsal root ganglia.  Proc Natl Acad
Sci USA 2006, 103:19919-19924.
107. Richter JD: CPEB: a life in translation.  Trends Biochem Sci 2007,
32:279-285.
108. Ferrari F, Mercaldo V, Piccoli G, Sala C, Cannata S, Achsel T, Bagni C:
The fragile X mental retardation protein-RNP granules
show an mGluR-dependent localization in the post-synaptic
spines.  Mol Cell Neurosci 2007, 34:343-354.
109. Huang YS, Carson JH, Barbarese E, Richter JD: Facilitation of den-
dritic mRNA transport by CPEB.  Genes Dev 2003, 17:638-653.
110. Du L, Richter JD: Activity-dependent polyadenylation in neu-
rons.  RNA 2005, 11:1340-1347.
111. Cao Q, Huang YS, Kan MC, Richter JD: Amyloid precursor pro-
teins anchor CPEB to membranes and promote polyade-
nylation-induced translation.  Mol Cell Biol 2005, 25:10930-10939.
112. Yoon IS, Chen E, Busse T, Repetto E, Lakshmana MK, Koo EH, Kang
DE: Low-density lipoprotein receptor-related protein pro-
motes amyloid precursor protein trafficking to lipid rafts in
the endocytic pathway.  FASEB J 2007, 21:2742-2752.
113. Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M,
Greenberg ME: A brain-specific microRNA regulates dendritic
spine development.  Nature 2006, 439:283-289.
114. Kosik KS: The neuronal microRNA system.  Nat Rev Neurosci
2006, 7:911-920.
115. Maroney PA, Yu Y, Fisher J, Nilsen TW: Evidence that microR-
NAs are associated with translating messenger RNAs in
human cells.  Nat Struct Mol Biol 2006, 13:1102-1107.
116. Lugli G, Larson J, Martone ME, Jones Y, Smalheiser NR: Dicer and
eIF2c are enriched at postsynaptic densities in adult mouse
brain and are modified by neuronal activity in a calpain-
dependent manner.  J Neurochem 2005, 94:896-905.
117. Mahul-Mellier AL, Hemming FJ, Blot B, Fraboulet S, Sadoul R: Alix,
making a link between apoptosis-linked gene-2, the endo-
somal sorting complexes required for transport, and neuro-
nal death in vivo.  J Neurosci 2006, 26:542-549.